Atomic composition tuning and defect engineering are effective strategies to enhance the catalytic performance of multicomponent catalysts by improving the synergetic effect; however, it remains challenging to dramatically tune the active sites on multicomponent materials through simultaneous defect engineering at the atomic scale because of the similarities of the local environment. Herein, using the oxygen evolution reaction (OER) as a probe reaction, we deliberately introduced base-soluble Zn(II) or Al(III) sites into NiFe layered double hydroxides (LDHs), which are one of the best OER catalysts. Then, the Zn(II) or Al(III) sites were selectively etched to create atomic M(II)/M(III) defects, which dramatically enhanced the OER activity. At a current density of 20 mA·cm −2 , only 200 mV overpotential was required to generate M(II) defect-rich NiFe LDHs, which is the best NiFe-based OER catalyst reported to date. Density functional theory (DFT) calculations revealed that the creation of dangling Ni-Fe sites (i.e., unsaturated coordinated Ni-Fe sites) by defect engineering of a Ni-O-Fe site at the atomic scale efficiently lowers the Gibbs free energy of the oxygen evolution process. This defect engineering strategy provides new insights into catalysts at the atomic scale and should be beneficial for the design of a variety of catalysts.
Introduction
Catalysts with a variety of compositions have been demonstrated to effectively trigger many energy-related catalytic/electrocatalytic reactions, such as fuel-cell reactions [1, 2] , water-splitting [3] [4] [5] [6] [7] , and CO 2 reduction [8, 9] , because of synergetic effects [4, 10] . To achieve higher catalytic efficiency and selectivity using these multicomponent catalysts, numerous efforts, including manipulation of the component ratios, atomic dispersion, Nano Res. 2018, 11 (9) : 4524-4534 and structure, have been made to regulate their surface electronic structures [11] [12] [13] [14] and enhance their intrinsic activity [15] [16] [17] . For example, the incorporation of high-valence Mn(VI) and Co(III) into NiFe-based catalysts causes the resultant NiFeMn [18] and NiFeCo [19] ternary catalysts to exhibit improved performance toward the oxygen evolution reaction (OER) than NiFe catalysts because of the tuned valence state (i.e., local electronic structure) of the surface active sites.
Introducing vacancy defects, which could dramatically change the local chemical coordination and surface valence states of a catalyst, has been demonstrated to be an effective method of tuning the electronic structure of a catalyst [20] [21] [22] ; however, the defect-engineering strategies reported to date are mainly effective for single compound catalysts [23] [24] [25] [26] . As a typical example, Xie's group produced an oxygen vacancy in a Co 3 O 4 catalyst, resulting in tuned local Co structures and excellent CO 2 reduction activity [27] . Zhang and co-workers also improved the overall water-splitting performance of ultra-thin MnO 2 nanosheets using defect engineering to generate additional Mn 3+ active sites [28] . To date, defect engineering on catalysts cannot be controlled at the atomic scale because the commonly used methods often involve corrosive/destructive procedures such as the plasma technique [29] . Thus, it is quite difficult to selectively generate a specific defect at the atomic scale to elucidate the effect of the defect on a multicomponent catalyst.
Recently, layered double hydroxides (LDHs), which are a relatively new ultra-thin two-dimensional (2D) material with a general formula of M
II is a divalent metal, M III is a trivalent metal, and A n− is the interlayer anion), have attracted significant attention owing to their tunable compositions and the resultant synergistic effect that enhances their catalytic activity [30] [31] [32] [33] [34] . Importantly, it is generally believed that M III is surrounded and atomically isolated by M II ; this makes this structure an ideal platform to study the roles of different metallic vacancies in electrocatalysis [35] . Although NiFe LDHs are one of the best OER catalysts reported to date [36] [37] [38] , the nature of the active sites remains unclear [39] . Therefore, selective defect engineering of NiFe LDHs should help elucidate the atomic interactions between Ni and Fe and enable further optimization of their activity.
In this work, we studied the defect effects by deliberately introducing base-soluble Zn(II)/Al(III) sites into NiFe LDHs and selectively creating M(II)/M(III) atomic defects under mild alkaline etching conditions. Electrochemical analyses have revealed that the OER performance of defective NiFeZn LDHs (M(II) defect structure) is superior to that of defective NiFeAl LDHs (M(III) defect structure) and NiFe LDHs, suggesting that NiFe systems with M(II) defects are more active for OER. X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance spectroscopy (EPR) revealed that M(II) defects lead to unsaturated O-coordination of the Ni(II)-O-Fe(III) coupling sites, which are more active than the unsaturated Ni(II)-O-Ni(II) sites introduced by M(III) defects. Moreover, density functional theory plus U (DFT + U) calculations demonstrated that the deprotonation step of the OER process was facilitated (i.e., 0.2 eV lower) upon introduction of the M(II) defect into the NiFe structure; thus, the intrinsic OER activity was enhanced. This type of selective defect engineering method not only provides fundamental insight into the atomically active components of NiFe OER catalysts, but also introduces a new methodology for catalyst tailoring at the atomic scale for superior electrocatalysis. structures with a thickness of ~ 6.3 nm (as shown in the inset of Fig. 1(a) ), which corresponds to 8-9 edgesharing MO 6 layers in the LDH structure [22] . After alkaline etching, the 2D structures of the nanosheets were retained, as shown in Fig. 1(b) ; however, the NiFeZn LDH nanosheets with defects (D-NiFeZn LDH) were thinner than those of the precursor LDHs. Since the Zn(II) sites that are removed are accompanied by OH anions, the defective laminates should be more positively charged; this results in increased attraction by the intercalated anions (i.e., carbonate ions), thereby reducing the interlayer distance. Similar trends were observed in the precursor and defect-containing NiFeAl LDHs ( The ED patterns were equivalent before and after alkaline etching, which suggests that the crystalline structure is not affected. Normally, alkaline treatment should enhance the crystallinity of LDHs; however, in this case, the weaker diffraction intensity of the D-NiFeZn LDHs after etching implies poor crystallinity. This is probably due to the creation of massive defects, which impede the long-range order of the LDH crystals.
Results and discussion
XRD measurements were used to further study the crystal structures of these defect-containing LDHs. As shown in Figs. 1(e) and 1(f), the (003) diffraction peaks at ~ 11.5° relate to the basal spacing of the as-prepared LDHs. Using Bragg's law [40] , the interlayer spacings of the precursor NiFeZn and NiFeAl LDHs were determined to be 0.78 and 0.82 nm, respectively, while the interlayer spacing of pristine NiFe LDHs was 0.81 nm. Considering the radii of the metal cations (i.e., 0.69, 0.74, 0.65, and 0. 54 , respectively [41] [42] [43] [44] ), this implies that the Zn and Al atoms were successfully inserted into the laminates. However, after alkaline treatment, the D-NiFeZn and D-NiFeAl LDHs showed much weaker diffraction patterns, which suggests reduced crystallinity. In addition, the shift of the (003) planes to higher angles confirms , providing evidence that the M(II)/M(III) defects were successfully introduced into the LDHs. After alkaline treatment, the introduction of M(II)/M(III) defects should damage the layered structure, which may make the charge of the laminate to less than that of the interlayer. Accordingly, the interlayer spacing should be decreased, which would promote their OER performance [45, 46] . Considering that defectrich structures are usually in a thermodynamically metastable state and thus readily recrystallized, it is important to determine the appropriate etching conditions. As shown in Fig. S4 in the ESM, at the given temperature (60 °C ), 1 h of etching did not produce sufficient Zn(II) vacancies in the NiFeZn LDHs, while 5 h was too long as it enabled self-nucleation and recrystallization. In contrast, when the etching temperature was greater than 60 °C (e.g., 90 °C ), the 2D structures of LDHs degraded, as shown in Fig. S5 in the ESM, while a lower etching temperature (i.e., 30 °C ) led to insufficient leaching. Based on the above analysis, only the D-NiFeZn LDHs could be obtained under relatively mild alkaline conditions (60 °C , 3 h), and similar phenomena were found for NiFeAl (Figs. S4 and S5 and Table S1 in the ESM).
Defect-rich structures are usually more catalytically active because of the presence of the highly active defect sites [20, 29] . NiFe LDH is one of the best catalysts for the OER [39] . To evaluate the OER performance of the D-NiFeZn and D-NiFeAl LDHs, linear sweep voltammetry (LSV) was performed in an O 2 -saturated 0.1 M KOH solution using a standard three-electrode system. As shown in Figs. 2(a) and 2(b), to reach the same current densities (j), the potentials of D-NiFeZn and D-NiFeAl LDHs were 80 and 48 mV lower, respectively, than those of pristine NiFeZn and NiFeAl LDHs, respectively. However, when the NiFe LDHs were treated under the same alkaline conditions, no obvious improvement was evident ( Notably, the D-NiFeZn LDHs showed a low onset potential of 1.42 V (vs. reversible hydrogen electrode (RHE); Fig. 2(e) ), which is 50 mV lower than that of pristine NiFe LDHs (~ 1.47 V vs. RHE) and 60 mV lower than state-of-the-art IrO 2 catalysts (~ 1.48 V vs. RHE, Fig. S8 in the ESM) . (Fig. 2(c) ). In contrast, the current density of D-NiFeZn LDHs at a 250 mV overpotential was as high as 105 mA·cm −2 , which is 3.5, 10, 15, 21 times higher than those of the NiFe, D-NiFeAl, NiFeZn, and NiFeAl LDHs, respectively ( Fig. 2(d) ).
NiFe LDH materials have been recognized as the most promising OER electrocatalysts under alkaline conditions [36, 47] . Our group first anchored NiFe LDHs onto conductive Ni foam to enhance its conductivity, which improved the OER activity at an overpotential of 260 mV to 20 mA·cm −2 [48] . Dai's group also grew NiFe LDH plates on carbon nanotubes that reached 20 mA·cm −2 at an overpotential of 240 mV [36] . By exposing additional metal sites and tuning their surface electronic structures, Hu and co-workers exfoliated NiFe LDHs to a single layer and achieved an OER overpotential of 310 mV at 20 mA·cm −2 [49] . Luo et al. intercalated phosphorus oxoanions into NiFe LDHs to tune the surface electronic structures; using this system, an overpotential of 250 mV was still required for 20 mA·cm −2 [47] . Very recently, Yao et al. reported exfoliated NiFe LDHs on a defective graphene hybrid material, and 210 mV was required for 20 mA·cm −2 [50] . Recently, a very active NiFe-based OER catalyst, i.e., NiFeSe, was reported by Hu's group; this catalyst required a 200 mV overpotential for 20 mA·cm −2 [51] . From this data, it is evident that the D-NiFeZn catalyst is the best NiFe-based OER catalyst to date in terms of the overpotential required for 20 mA·cm −2 (Table S3 in the ESM).
By plotting the overpotential vs. log(j), the kinetic parameters of OER catalysis by the five LDH catalysts were calculated (Fig. 2(e) ). The activity enhancements ). The electrochemical double layer capacitance (C dl ), which relates to the electrochemical surface active area (ECSA), was monitored to elucidate the source of the improved OER activities [52] . As shown in Fig. 2(f), Fig. S10 and Table S4 in the ESM, the D-NiFeZn and D-NiFeAl LDHs possess higher C dl values than their pristine counterparts, suggesting a higher ECSA after introducing M(II)/M(III) defects. The enlarged ECSA provides more active sites. The Nyquist plots of the five LDH catalysts were also plotted and are shown in Fig. 2(g): The electrochemical impedance results demonstrate that the D-LDHs possess much smaller charge transfer resistances (R ct in the equivalent circuit) than those of analogous pristine ones, indicating much faster electron transfer during the electrochemical reaction [53, 54] . Additionally, the D-NiFeZn LDH electrode showed the smallest R ct value (1.1 Ω); this might arise from the defect-containing laminates, which feature more exposed metal sites that promote ion diffusion to the active components. The above electrochemical results revealed that the OER activity of NiFe LDHs can be improved by creating M(II)/M(III) defects in the laminates. Moreover, D-NiFeZn LDHs were more active than D-NiFeAl catalysts, demonstrating that M(II) defects are more effective than M(III) defects at promoting OER activity. Through electrochemical testing, we determined that the OER performance of D-NiFeAl LDHs is much better than that of NiFeAl LDHs but worse than that of the NiFe LDHs. According to the ICP analyses, the Ni/Fe ratio of the D-NiFeAl LDHs was 6:1 (Fe content: 14.3%), which is much lower than that of the NiFe LDHs (Ni:Fe = 3:1, Fe content: 25.0%), resulting in the reduced OER activity [55, 56] .
In addition to activity, the long-term durability of a catalyst is another critical aspect of catalysts, especially Nano Res. 2018, 11 (9) : 4524-4534 for defect-rich nanostructures. When a constant j of 30 mA·cm −2 was applied, stable potentials were observed with very little degradation after 10 h of testing ( Fig. 2(h) and Fig. S11(a) in the ESM), revealing their good stability. Moreover, the morphologies of the D-NiFeZn and D-NiFeAl LDHs were essentially unaffected by the testing, which further demonstrates the robustness of these array electrodes (Figs. S11(b) and S11(c) in the ESM). To exclude the array structural advantage and further confirm the effect of the M(II)/M(III) defects, colloidal D-NiFeZn and D-NiFeAl structures were produced and tested under the same conditions. As shown in Fig. S12 and Table S2 in the ESM, the colloidal D-NiFeZn and D-NiFeAl LDHs also outperformed the NiFeZn and NiFeAl LDHs, and colloidal D-NiFeZn LDHs showed an outstanding activity with the lowest OER overpotential among the five colloidal LDHs. These results provide evidence that the introduction of M(II)/M(III) defects into LDH structures could indeed promote the OER electrocatalytic activity.
The OER activities of NiFe catalysts are significantly related to the characteristics of the surface metal sites [49] . Basically, defects created by leaching of Zn(OH) defects in the D-NiFeAl LDHs); this is schematically shown in Figs. 3(a) and 3(e) . Thus, in order to balance the charge, the electronic states (i.e., valence states) of the metal sites around the atomic defects would change. To elucidate the electronic structures of Ni and Fe on the surfaces of defect-containing LDHs, XPS analysis was performed (Fig. 3 and Table S5 in the ESM). Specifically, the Ni 2p 3/2 signals of the D-NiFeZn LDHs and NiFeZn LDHs occurred at binding energies of 854.9 and 855.3 eV (Fig. 3(b) ), respectively; these values are 0.8 and 0.4 eV lower, respectively, than that of the NiFe LDHs (855.7 eV) [47] , which is evidence of the lower valence state of Ni. In contrast, the Fe 2p 3/2 signal of the D-NiFeZn LDHs (Fig. 3(c) ) occurred at a binding energy of 711.1 eV, which is 0.6 and 0.9 eV lower than those of the NiFeZn LDHs (711.7 eV) and NiFe LDHs (712.0 eV) [48] , respectively; this provides additional evidence of the lower valence state. Similar shifts of the Ni spectra were evident for the D-NiFeAl LDHs (855.1 eV) and NiFeAl LDHs (855.5 eV) couple (Fig. 3(f) ). However, there was no obvious shift of the Fe spectra in the D-NiFeAl LDHs and NiFeAl LDHs couple (Fig. 3(g) − from the D-NiFeZn LDHs, the six surrounding Ni and Fe sites were negatively shifted to a lower valence state to balance the charge of the leaving Zn groups (Fig. 3(a) ). As for the D-NiFeAl LDHs (Fig. 3(e) ), only Ni sites were exposed after removal of the Al(OH) x − ; these sites shifted to a lower valance state, while the Fe sites remained fully coordinated, resulting in an almost unchanged valence state.
To further confirm the local chemical environments of the M(II)/M(III) defects (i.e., exposure of the unsaturated Ni/Fe sites), EPR was applied to investigate the paramagnetic defects in the materials [57] . The g value for the superexchange coupled pair of Ni(II)-O-Ni(II) is normally 2.25, while Fe(III)-O-Fe(III) generally has a g value of 2.00; thus, the g value of Ni(II)-O-Fe(III) should be in the range of ~ 2.00-2.20 [58, 59] . The EPR results for the NiFe LDHs show a weak signal at a g value of 1.99, demonstrating a structure with very few defects. As shown in Fig. 3(d) , the NiFeZn LDHs exhibited a very broad and weak signal at g = 2.01, while the D-NiFeZn LDHs exhibited a sharp and strong signal at g = 2.05, suggesting a higher Ni(II)-O-Fe(III) defect concentration in the D-NiFeZn LDHs than in the pristine NiFeZn LDHs. This supports the hypothesis that the removal of Zn(OH) x -sites is accompanied by the removal of OH groups that are shared with nearby Ni and Fe sites, thus generating many Ni(II)-O-Fe(III) defects (i.e., unsaturated O-coordination of Ni and Fe sites). In contrast, the EPR spectrum of the D-NiFeAl LDHs exhibits a broad and strong signal at around g = 2.24 ( Fig. 3(h) ), which is similar to that of Ni(II)-O-Ni(II) (g = 2.25 [59] ) and much larger than that of the pristine NiFeAl LDHs (g = 2.10); this suggests that the detected defects in the D-NiFeAl LDHs were mainly Ni(II)-O-Ni(II) sites. Additionally, the strong signal intensity implies a high M(II)/M(III) defect concentration in the D-NiFeZn and D-NiFeAl LDHs [57] , which agrees well with the XPS results. The results of X-ray absorption near edge structure spectroscopy showed lower Fe-M and Fe-O coordination numbers (Fig. S13 in the ESM) , which provides further evidence of defect creation.
To obtain fundamental insights into the active components of the defective NiFe structures and rationalize the superior OER activity of the M(II) defect-containing NiFe LDHs, DFT + U calculations were used to simulate the OER kinetics on the defective surface sites in the NiFeZn LDHs and Ni(II)-O-Ni(II) defect sites and study their catalytic activities [60] . Both M(II) and M(III) defects were considered by removing Zn(OH) x − and Al(OH) x − octahedrons from the (001) surface of the NiFeZn LDH and NiFeAl LDH structures, respectively. Consequently, Ni(II)-O-Fe(III) defects were exposed in the NiFeAl LDH laminates, and the Ni and Fe atoms at the defect sites became unsaturated coordinated, which is consistent with our experimental findings (i.e., XPS and EPR results in Fig. 3 ). For these highly unsaturated sites, the Ni-Fe and Ni-Ni bridge sites were chosen as the active sites for the M(II) and M(III) defect structures, respectively. Then, the OER elemental steps and Gibbs free energy were calculated based on the 4e
− mechanism proposed by Norskov [61] , as demonstrated in Fig. 4 . For both the M(II) and M(III) defect structures, the OER ratedetermining step was found to be deprotonation of absorbed OH (i.e., step II), which is in good accordance with Wei's findings for the NiFe system [62] . Moreover, by comparing the free energy plots in Figs. 4(a) and 4(b), we found that the Ni(II)-Fe(III) couple sites (M(II) defects) show a lower OER overpotential by 0.2 eV than the Ni(II)-Ni(II) couple sites in the M(III) defect structures; this suggests more favorable OER kinetics for the M(II) defect structures and implies that unsaturated Ni-Fe was more efficient than Ni-Ni at catalyzing OER in NiFe systems. Therefore, the theoretical and experimental results (polarization curves and Nyquist plots shown in Figs. 2(a) , 2(b), and 2(g)) are in good agreement, suggesting that the introduction of M(II) defects into NiFe systems is more effective at facilitating OER kinetics than the introduction of M(III) defects; thus, M(II) defects are more effective at optimally enhancing the intrinsic electrocatalytic activity.
Conclusion
In this study, we deliberately introduced M(II) and M(III) defects into NiFe LDHs by selectively etching NiFeZn and NiFeAl LDHs. It was found that M(II)/M(III) defects increase the electrocatalytic activity of the LDHs. Moreover, the D-NiFeZn LDHs showed an outstanding OER performance with a low overpotential Nano Res. 2018, 11 (9) : 4524-4534 and DFT results suggests that the expansion of the ECSA and introduction of M(II) defects combine to synergistically and significantly enhance the enhanced OER activity of the D-NiFeZn LDHs. This work not only provides fundamental insights into the active components of the NiFe OER system through selective defect engineering, but also suggests the potential of D-NiFeZn LDHs as a cost-effective, active, and durable OER electrocatalyst. This research paves the way for controlling the synthesis of advanced electrocatalysts towards a future of global clean-energy production.
